Developing a handy sperm testing device is important since sperm quality is a significant factor for fertility potential. In this paper, we demonstrate a sperm testing device based on a switchable surface, a liquid crystal and polymer composite film (LCPCF). The wettability of LCPCF is electrically switchable due to the electrically tunable orientations of liquid crystal molecules. In experiments, two motions of a semen drop on switchable surface of LCPCF are observed: back-and-forth stretches and collapses of semen drops. The better quality spermatozoa results in back-and-forth stretches of a semen drop on LCPCF; otherwise, the semen drop collapses. The motility and concentration of semen can also be sensed by the stretch distance and collapse distance of semen drops, respectively. The mechanism of back-and-forth stretches of semen drops results from fertile sperms swimming against the flow with the periodic changes of the orientation of LC molecules with pulsed voltages. The mechanism of collapses of semen drops results from the washed-away infertile sperms which are deposited on LCPCF and then re-modify surface of LCPCF. Potential applications for this device include sperm testers and microfluidic devices for Assisted Reproductive Technology.
Introduction
Infertility, a global human issue, is primarily governed by the quality of human spermatozoa or sperms, such as concentration, motility, and morphology. Most males are reluctant to have their sperm tested in hospitals due to cost and discomfort. It is highly desirable to develop a handy sperm testing device to be used in the comfort of one's home. Our motivation is to realize a sperm testing device based on the droplet manipulation on a switchable surface. Conventionally, switchable surfaces utilize changes in molecular conformation of a selfassembled monolayer (SAM) under external stimuli [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, a fluidic drop usually refuses to move toward more hydrophilic regions on the SAM-based switchable surfaces because the weak chemical gradient cannot overcome the hysteresis of the surface. Moreover, the fabrication of SAM is complicated and costly, especially for large areas. Recently, we have developed a switchable-nanostructured surface based on the orientations of liquid crystal (LC) molecules anchored among the polymer grains on the liquid crystal and polymer composite film (LCPCF) which is a result of photo-induced phase separation between the LC and the polymer [12, 13] . The wettability of LCPCF is electrically tunable because of different wetting properties between the phenyl rings and the terminal group (cyano) of LC molecules whose orientations could be switchable by applied electric fields. The droplet is manipulated on LCPCF with a wettability gradient and can be designed for the applications of polarizer-free electro-optical switches [14] . Up to now, no report has been found concerning the development of sperm tester using switchable surfaces. In this paper, we demonstrate a sperm testing device based on the semen droplet manipulation on LCPCF. By either a back-and-forth stretch or a collapse of a semen droplet on LCPCF within periodically switched LC molecular reorientation, LCPCF can sense the semen through the motion of a semen droplet which in turn depends on the information of spermatozoa in the semen. The potential application of sperm testing devices is in Assisted Reproductive Technology.
Materials and Methods

Structure Of a Sperm Testing Device and Sample Preparation of LCPCF
The structure of a sperm testing device based on LCPCF is illustrated in Figures 1A and 1B . The structure consists of a LCPCF on a patterned indium tin oxide (ITO) glass substrate to provide fringe electric fields at the surface. The ITO electrodes on the glass substrate were etched with interdigitated chevron patterns, shown as the zigzag electrodes in the Figure 1A . The zigzag ITO strips have corner angles of 150 o . The width and gap of the electrode strips are 4 μm and 14 μm, respectively. In order to manipulate a semen drop on LCPCF, the two regions of the interdigitated chevron electrodes were patterned identically, as shown in Figure 1A . The distance between two regions is 20 μm and the width of each region is 2 mm. At null voltage (V=0), the contact angles on both sides of the droplet are the same. When we apply a voltage to the left interdigitated region (the red region), the left region of LCPCF is more hydrophilic because of the tilts of LC molecules anchored to the polymer grains, so the droplet experiences a net Young's force [14] [15] [16] and is forced to move toward the left. The magnification of the LCPCF surface including polymer grains (purple) and liquid crystals (yellow dots) among polymer grains in Figure 1A is exaggeratedly illustrated in Figure 1 (B). At V=0, the rod-like LC molecules are aligned along y-direction. Under an applied alternating current (AC) voltage (f =1 kHz), the LC molecules are reoriented along the electric fields. The LCPCF is more hydrophobic at 0 V rms because the phenyl rings of the E7 LC molecules are more parallel to the surface of the LCPCF (x-y plane). On the other hand, the LCPCF is more hydrophilic in a high voltage state because of the field-induced uneven tilts on the cyano terminal groups of the E7 LC molecules near the edges of the fringe electric fields. Moreover, the hydrophile of the LCPCF is electrically tunable by changing the magnitude of the voltage.
To fabricate LCPCF on the ITO glass substrate, we mixed a nematic LC mixture E7 (Merck) and a liquid crystalline monomer (4-(3-Acryloyloxypropyloxy)-benzoic acid 2-methyl-1, 4-phenylene ester) at 70:30 wt % ratios. The mixtures were then filled into an empty cell with a gap of 12 μm which consists of a glass top substrate and a patterned ITO bottom glass substrate. The top substrate of the cell was overcoated with a thin polyimide (PI) layer and then mechanically buffed at the direction of 20 o with respect to the electrode strips. After filling, the cell was exposed to a UV light with intensity I = 10 mW/cm 2 for ~30 min at 70°C. After phase separation and photo-polymerization, the top glass substrate was peeled off by a thermal-releasing process. A solidified LCPCF was obtained with 12 μm thickness and 30 nm rootmean-squared roughnesses.
To observe the motion of a semen drop on LCPCF, we dripped a semen drop on LCPCF under inhomogeneous distribution of LC reorientations induced by fringing electric fields. A semen drop consisted of seminal plasma and spermatozoa (or sperms). We recorded the dynamics of the semen drops by a CCD camera (JAI CV-M30) with a frame rate of 360 fields/sec and measured the contact angles of the semen droplet with time by contact angle measurement (FTA 1000 Analyzer System). A semen drop of 3 μl was laid on the LCPCF surface. We then applied 150 V rms square pulses (f = 1 kHz) to the left electrodes shown in Figure 1A for a time duration of 500 ms. The semen samples are donated by 31 males between 26 and 45 years old. When we recorded the dynamics of semen drop, stretches of semen drops and collapses of semen drops were observed. The distance difference of the left contact angle at 0.5 sec and at 0 sec for stretches of semen drops is defined as stretch distance. The distance difference of the left contact angle at 0.5 sec and at 0 sec for collapses of semen drops is defined as collapse distance. Figure 2 shows the SEM (Scanning Electron Microscopic) image of the surface of LCPCF after we removed the LC by hexane. The image was taken by using a Scanning Electron Microscope (JEOL JSM-7401F FE-SEM). The size of the LC domains is around 100-200 nm and the size of polymer grains is around 50 nm. The root-meansquare (RMS) roughness of the film surfaces was measured to be ~30 nm by an atomic force microscope (AFM) (Dimension 3100, Digital Instruments). On the LCPCF, the LC molecules were anchored among the polymer grains along the direction parallel to the rubbing direction of the PI layer (white arrow) which can be confirmed by observing the transmission of the LCPCF between two crossed polarizers.
Results and Discussions
A semen drop of 3μl was laid on the LCPCF and then applied 150 V rms square pulses (f = 1 kHz) to the left electrodes, as shown in Figure  1A for a time duration of 500 ms. Among all samples, two motions of semen droplets were observed: back-and-forth stretch [ Figure 3A ] and collapse [ Figure 3B ]. Here, the back-and-forth stretch of a droplet means the contact angles of a droplet change periodically with pulsed voltages, but the droplet stays in the same location. The collapse of a droplet means the contact angle changes immediately when we turn on the voltage and then the contact angle does not recover after we turn off the voltage. In Figure 3A , the contact angles on the right and on the left were around 69 o at voltage-off state at 0 sec. At 0.5 sec, the voltage was then applied on the left region (the left of the dotted white line in Figure 3A) , the left region of the semen drop was more hydrophilic and the contact angle on the left (~50. . When we applied voltages periodically, we observed the backand-forth stretch of the semen drop ( Figure 3A) . The recovered contact angle (i.e. contact angle at V off ) decreases gradually when the voltage is on and off many times. Figure 3B shows the collapse of the semen drop. Similarly, the left contact angle (~51 o ) is smaller than the other (~54 o ) when we applied voltage on the left region at 0.5 sec. After that, the contact angles did not change when we applied voltages periodically. The semen drop collapsed with the pulsed voltages.
In order to understand the mechanism of the collapse and backand-forth stretch of semen drops, we also observed the dynamics of a semen droplet under an inverted optical microscopy (Leica DMI-3000B). We captured 4 images at different times as shown in Figures  4A to 4D , circling three sperms in blue (blue sperms) and two sperms in red (red sperms). After the voltage was turned on at 4.5 sec, the semen droplet moved toward more hydrophilic region in the left part of Figures 4A to 4D . The induced flow of seminal plasma went toward the left and then washed away the blue and red sperms. However, the red sperms swim upstream against the flow of seminal plasma. The selfmovement of sperm against flow direction has been reported [17] . As to the collapse of the semen drop, the similar wash-away sperms were observed when the voltage was on and we did not observe the sperms swim against the fluidic flow. We then observed that dried surface of LCPCF under a microscope after performing the collapse of the semen droplet, as shown in Figure 5 . Most of the sperms aggregated in the applied voltage region in Figure 5 . The collapse of the semen drop results from the deposition of the sperms on LCPCF which re-modifies the surface of LCPCF. Therefore, the conditions of sperms affect the motions of semen drop on LCPCF.
The two observed motions of semen drops on LCPCF are then compared with the parameters of standard semen analysis in the hospital, such as concentration, motility, and morphology. Motility is the ratio of motile sperms to total sperm number, grade A defined as the percentage of spermatozoa swimming in a forward direction, and grade B defined as the percentage of sperms moving in circles. Morphology indicates the percentage of normal sperm heads. According to World Health Organization (WHO) guidelines, a standard sperm analysis is performed for measuring the parameters of spermatozoa [18, 19] . The concentration, motility, grade A and grade B were counted with a Makler counting chamber (Irvine Scientific). The Spermac stain method (sps250, FertiPro) was used for assessing sperm morphology. Figures 6A, 6B, 6C and 6D are the motility, morphology, grade A, and grade B as a function of the semen concentration for the collapse (black squares) and the stretch (blue dots) of semen droplets. From Figures  6A, 6B, 6C and 6D, the semen drop stretches back and forth only when the semen concentration is larger than ~100 million/mL, morphology is larger than ~15 %, motility is larger than ~50%, grade A is larger than ~30%, and grade B is less than ~30%. Otherwise, the semen droplet collapses. Higher concentration and motility of a man's semen increase chances for conception. The high grade A and low grade B semen translates to more motile spermatozoa moving in a straight line with good speeds, which is preferred for natural conception. The high morphology of semen means there are fewer abnormal spermatozoa, and so the likelihood of infertility is decreased. Therefore, the stretch or collapse of a semen drop serves the purpose of probing the quality of spermatozoa. The stretch of a semen drop is a result of better quality semen for human reproductions while the collapse of a semen drop shows the contrary.
Comparing the sperm parameters with the stretching distance and the collapse distance, we found that the stretch distance of the stretching semen drops has linear relation with motility, as shown in Figure 7A . The stretch distance increases from 0.115 mm to 0.390 mm with an increase of motility from 50 % to 90 %. When motility is less than 50 %, the semen drops do not have stretching motions. As a result, the stretch of semen drop can not only indicate better quality of semen, but also indicate how much the motility is. The collapse distance of collapsing semen drops as a function of concentration of semen drops is also shown in Figure 7B . The collapse distance is around 0.2-0.5 mm when the concentration of collapsing semen drops is around 50-100 million/mL. Therefore, we can test the quality semen by the two motions of the semen on LCPCF and also sense the motility or concentration according to the stretch distance or collapse distance. Figure  8B ). When we turn off the voltage, the LC molecules reorientate back along y-direction owing to the elastically essential properties of LC and the anchoring force of polymer grains. The wettability of LCPCF goes back. The fertile and infertile sperms then dispersed inside the semen drop ( Figure 8C ). Therefore, we observe the back-and-forth stretch of a semen drop when the voltage is on and off periodically. The high concentration, high motility, better morphology, high grade A, and low grade B represent that more sperms can swim upstream against the flow current of seminal plasma induced by the wettability gradient of LCPCF. The mechanism of the collapse of the semen drop is also illustrated in Figure 8D , 8E, 8F, and 8G. When the semen drop has lots of infertile sperms, the infertile sperms are washed away by the fluidic flow induced by the wettability gradient due to the orientation of LC molecules ( Figure 8E ). Because the infertile sperms have weak ability to swim against the flow, the infertile sperms are attracted and trapped by the field of liquid crystals and weak fringing electric fields on the surface of LCPCF ( Figure 8F ). The surface of LCPCF is then remodified. As a result, the switchable properties of LCPCF are invalid by the deposition of the sperms on LCPCF. Therefore, the collapse of semen drop and the aggregation near the voltage region in Figure 5 are observed ( Figure 8G ). Actually, some of the infertile sperms of the stretching semen drops were also trapped on the surface of LCPCF, similar to the collapsed semen drops. That is the reason why the contact angles of stretches of semen drops could not fully recover.
In conclusion, we demonstrated a sperm testing device on a basis on the motion of a semen drop on switchable surface of LCPCF. The better quality spermatozoa results in back-and-forth stretches of a semen drop on LCPCF; otherwise, the semen drop collapses. Such stretching of a semen droplet indicates the high concentration (>100 million/mL), good morphologies (>15%), good motility (>50%) of spermatozoa, and more than 30% of spermatozoa swimming jointly forward. The stretch distance and collapse distance also indicates the motility and concentration of semen, respectively. The mechanisms of back-and-forth stretches and collapses of semen drops are also discussed. We acknowledge the fact that fertilization involves many complicated sperm-oocyte processes and is not decided by sperm quality alone. However, good sperm quality is still a significant factor for fertility potential. Here, the experimental results indicate the great capabilities of LCPCF to be used as a sperm quality tester. Potential applications for this device include sperm testers and microfluidic devices for Assisted Reproductive Technology.
